Fusarium oxysporum f. sp. cubense, the causal agent of fusarium wilt of banana (Musa spp.), is one of the most destructive strains of the vascular wilt fungus F. oxysporum. Genetic relatedness among and within vegetative compatibility groups (VCGs) of F. oxysporum f. sp. cubense was studied by sequencing two nuclear and two mitochondrial DNA regions in a collection of 70 F. oxysporum isolates that include representatives of 20 VCGs of F. oxysporum f. sp. cubense, other formae speciales, and nonpathogens. To determine the ability of F. oxysporum f. sp. cubense to sexually recombine, crosses were made between isolates of opposite mating types. Phylogenetic analysis separated the F. oxysporum isolates into two clades and eight lineages. Phylogenetic relationships between F. oxysporum f. sp. cubense and other formae speciales of F. oxysporum and the relationships among VCGs and races of F. oxysporum f. sp. cubense clearly showed that F. oxysporum f. sp. cubense's ability to cause disease on banana has emerged multiple times, independently, and that the ability to cause disease to a specific banana cultivar is also a polyphyletic trait. These analyses further suggest that both coevolution with the host and horizontal gene transfer may have played important roles in the evolutionary history of the pathogen. All examined isolates harbored one of the two mating-type idiomorphs, but never both, which suggests a heterothallic mating system should sexual reproduction occur. Although, no sexual structures were observed, some lineages of F. oxysporum f. sp. cubense harbored MAT-1 and MAT-2 isolates, suggesting a potential that these lineages have a sexual origin that might be more recent than initially anticipated.
Fusarium oxysporum Schlechtendahl emend. Snyder and Hansen is a cosmopolitan species (9) comprised of both pathogenic and nonpathogenic isolates (20) . The pathogenic isolates of F. oxysporum cause fusarium wilt of several agricultural crops, and are accordingly subdivided into formae speciales (3, 26, 55) . One of the economically more important and destructive formae speciales is the causal agent of fusarium wilt (Panama disease) of banana (Musa spp.), F. oxysporum f. sp. cubense (E. F. Smith) Snyder et Hansen. This disease has been reported in all banana production regions of the world, except those bordering the Mediterranean, Melanesia, Somalia, and some islands in the South Pacific (66, 77) .
A range of approaches are typically employed for the characterization of F. oxysporum f. sp. cubense isolates. Based on virulence to specific banana cultivars (66, 67) , the pathogen may be classified into one of three races (i.e., races 1, 2, and 4), although this designation may be contingent on environmental conditions. For instance, genetically identical isolates of F. oxysporum f. sp. cubense are classified as race 4 isolates in the subtropics and as race 1 isolates in the tropics because they cause disease to Cavendish bananas under subtropical conditions only (67, 86) . Based on vegetative compatibility, F. oxysporum f. sp. cubense isolates have been separated into 24 so-called vegetative compatibility groups (VCGs) (5, 29, 47, 68) . Finally, various DNA-based tools have been used to separate F. oxysporum f. sp. cubense into a number of clonal lineages that more or less correspond to their grouping based on VCGs (6, 22, 38, 59) .
The evolutionary history of F. oxysporum f. sp. cubense is complex. Based on the results of phylogenetic studies (4-7, 22, 38, 57, 59) . F. oxysporum f. sp. cubense represent multiple unrelated lineages, some of which are more closely related to other formae speciales of F. oxysporum than to other F. oxysporum f. sp. cubense lineages (3, 57, 59) . This has lead to speculations that new pathogenic forms of F. oxysporum may be derived from other pathogenic and nonpathogenic members of this species (21) . Factors such as coevolution with the plant host and the spread of virulence determinants via processes such as parasexuality, heterokaryosis, and sexual recombination also have been implicated in the evolution of this pathogen (11, 36, 37, 39, 64, 65, 69) . Although parasexuality and heterokaryosis are known to occur in F. oxysporum (11, 39) , sexual fruiting structures have never been observed in the species and only indirect evidence for sexual recombination has been detected (82) . Indeed, the organization of the F. oxysporum f. sp. cubense mating type locus (MAT) is similar to those found in the closely related Gibberella fujikuroi (Sawada) Ito in Ito et K. Kimura complex and other heterothallic ascomycetes (2, 90) .
Development of appropriate disease management strategies and the selection of F. oxysporum f. sp. cubense-resistant banana cultivars may benefit from a better understanding of the diversity and evolutionary history of the pathogen. Although most previous DNA-based studies provided knowledge regarding the diversity of F. oxysporum f. sp. cubense, the genetic relatedness among the lineages identified in these studies re-mains uncertain (22) . It is also not clear how the different races and VCGs of F. oxysporum f. sp. cubense are related to one another and to other isolates of F. oxysporum. Therefore, the main objective of this study was to resolve the relationships among the F. oxysporum f. sp. cubense VCGs and determine their relationships with other formae speciales and nonpathogenic members of F. oxysporum by using a multigene phylogenetic approach (8, 32, 52, 53, 62, 75, 91) . To facilitate the rapid differentiation of the various F. oxysporum f. sp. cubense lineages, we also aimed to develop a diagnostic PCR-restriction fragment length polymorphism (RFLP) procedure. To evaluate the potential of F. oxysporum f. sp. cubense to reproduce sexually, sexual crosses among isolates of opposite mating types were attempted after PCR-based detection of the MAT-1 and MAT-2 idiomorphs (34).
products were purified using the High Pure PCR product purification kit (Roche Applied Biochemicals) and sequenced using the Big Dye Terminator version 3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA) and an ABI 377 automated sequencer (Applied Biosystems). In the case of IGS, we also designed and used an internal reverse primer, IGS2 (5Ј-GCCGGATTTGCTCCCTTCT-3Ј), for sequencing of the entire 1,500-bp fragment.
Phylogenetic analysis. Multiple sequence alignments were constructed using MAFFT, version 5.85 (http://align.bmr.kyushu-u.ac.jp/mafft/online/server/), with the L-INS-i option effective (30, 33) . This option utilizes an iterative refinement method with various algorithms for optimization of local and pairwise alignments (30) . Four data sets were constructed for the sequenced gene regions, where three of these comprised the MtR, IGS, and combined TEF-plus-MtSSU sequences of F. oxysporum f. sp. cubense generated in this study. The fourth data set represented an extended TEF-MtSSU data set that included F. oxysporum f. sp. cubense sequences, as well as sequences for other formae speciales of F. oxysporum, nonpathogenic F. oxysporum from South Africa, F. oxysporum isolates from heliconia, and sequences for F. oxysporum isolates that were obtained from GenBank. All ambiguously aligned sites, including a 148-or 156-bp insertion/ deletion (indel) within MtR, were excluded from these analyses.
To test for the combinability of data sets, the partition homogeneity test (18) implemented in PAUP*, version 10b (79), was used on parsimony informative sites only (14, 16, 40) . These tests were based on 1,000 repartitions and heuristic searches using 100 rounds of random sequence additions with tree bisection reconnection branch swapping. Phylogenies based on maximum parsimony (MP), Bayesian inference (BI), and maximum likelihood (ML) methods were inferred for the different data sets using PAUP*, version 10b, MrBayes, version 3.b.4 (27) , and PhyML, version 2.4.3 (23) , respectively. For these analyses, the best-fit models of evolution, as indicated by MrModeltest 2.2 (54) and Modeltest 3.7 (71), were used. For the F. oxysporum f. sp. cubense TEF-MtSSU data set, the BI analysis used separate parameters for each gene (27) , where the Hasegawa, Kishino, and Yano (HKY) model (25) plus proportion invariable sites (I) were used for TEF and Felsenstein's model (19) for MtSSU. For ML analysis of the F. oxysporum f. sp. cubense TEF-MtSSU data set, the transitional model with equal base frequencies (TIMef) (81) was used. The IGS data set used the general time reversible (GTR) model (81) plus I and gamma correction for among-site variation (G) for BI and Kimura's (35) three-parameter model for the ML analysis. For the MtR data set, the BI analysis used Felsenstein's model (19) , while ML used Tumara and Nei's (TN) (84) model with equal base frequencies (TNef). BI of the extended TEF-MtSSU data set utilized HKY plus I for TEF and HKY plus I plus G for MtSSU, while ML analysis of this data set utilized TN plus G. BI trees were constructed using the Metropolis-coupled Monte Carlo Markov chain with 2,000,000 generations, after which Bayesian posterior probabilities were calculated. MP and ML bootstrap confidence values were based on 1,000 replications and the same parameters described above.
DNA-based diagnosis of the F. oxysporum f. sp. cubense lineages. All sequences were screened for VCG-or lineage-specific polymorphisms in BioEdit, version 6.0.7 (24) . As the IGS region contained polymorphisms for the different F. oxysporum f. sp. cubense lineages, five restriction enzymes were used for diagnostic PCR-RFLP purposes. These enzymes included AvaI (New England BioLabs, Hitchin, England), BbvI (New England BioLabs), BceAI (New England BioLabs), BsrDI (New England BioLabs), and Csp6I (Fermentas). All enzymes were used separately in PCR-RFLP digestion reactions and consisted of 5 l IGS PCR product, 2 U of the restriction enzyme, and 2 l of the supplied restriction buffer. After incubation at 37°C for 3 h, the restricted fragments were separated by agarose (3% [wt/vol]) gel electrophoresis (72) .
Mating type diagnoses and mating studies. Mating types of the various F. oxysporum f. sp. cubense isolates were determined by PCR using the primer set Falpha 1 and Falpha 2 for MAT-1 (2) , and the primers GFmat2c (76) and FF1 (87) for MAT-2. PCR conditions were similar to those described above, apart from the use of annealing temperatures of 55°C for MAT-1 and 54°C for MAT-2. Selected MAT-1 and MAT-2 products were also sequenced in both directions with the original PCR primers, as described above and compared to those in GenBank (http://www.ncbi.nlm.nih.gov/) using BLASTN. Once the mating type of the isolates was known, two F. oxysporum f. sp. cubense isolates in each VCG were crossed in all possible combinations with isolates of the opposite mating type in other VCGs by procedures described by Leslie and Summerell (41 
RESULTS
Pathogenicity tests. All isolates designated F. oxysporum f. sp. cubense caused disease symptoms typical of fusarium wilt on Gros Michel and/or Bluggoe plantlets. After symptom development, the inoculated pathogens were reisolated from randomly selected plants to confirm Koch's postulates. The two F. oxysporum isolates obtained from heliconia, which were previously designated as F. oxysporum f. sp. cubense race 3 (68, 78), did not cause any symptoms on the respective banana hosts.
Morphological characterization. Isolates of F. oxysporum f. sp. cubense developed cultural and morphological traits typical of those described for F. oxysporum (41, 50) . No significant differences were found in growth rate between isolates representing different VCGs, lineages, or clades of F. oxysporum f. sp. cubense. No sclerotium-like structures or sporodochia were produced by any of the isolates after 12 days. Microconidia were produced in false heads on short monophialides and were mostly single celled and kidney shaped. All isolates produced microconidia in abundance, with the exception of isolates associated with F. oxysporum f. sp. cubense VCGs 0126, 01210, and 01219, which produced few microconidia. Thin, sickleshaped macroconidia were sparse or absent in most isolates, except for one isolate representing each of F. oxysporum f. sp. cubense VCGs 01210, 0126, and 0123. Chlamydospores were produced by F. oxysporum isolates from heliconia after 12 days, and for the F. oxysporum f. sp. cubense isolates only after 4 weeks, and in some cases after 6 weeks. Chlamydospores were formed singly and sometimes in pairs with a coarse protective wall.
Sequence and phylogenetic analysis. In this study, we sequenced ϳ650 bp, 700 bp, and 1,500 bp of the regions encoding TEF, MtSSU, and IGS, respectively. The length of our F. oxysporum f. sp. cubense MtR sequences ranged between 1,100 and 1,250 bp. Isolates associated with the same VCG had identical sequences for all of these regions. The partition homogeneity test supported the combination of the TEF and MtSSU datasets (P ϭ 0.9) but rejected all of the possible combinations of the other regions (P Յ 0.01). Phylogenetic analyses of the combined F. oxysporum f. sp. cubense TEFMtSSU data set separated the 48 isolates into two distinct clades (A and B) and eight lineages (I to VIII) (Fig. 1) The IGS and MtR (Fig. 2 ) data did not support the two main clades revealed by the TEF-MtSSU data. The MtR data did, however, cluster the 48 F. oxysporum f. sp. cubense isolates into groups that match the TEF-MtSSU-based lineages (Fig. 1) . The IGS sequences also allowed separation of the isolates into groups that broadly match those based on the TEF-MtSSU and MtR data sets. The only exceptions were the divergent placement of F. oxysporum f. sp. cubense VCGs 0121, 0122, 01210, and 01214 in the IGS phylogeny. F. oxysporum f. sp. cubense VCG 0121 formed part of lineage V, based on the TEF-MtSSU data set, whereas it is associated with an exceptionally long branch in the IGS tree and was not related to other lineage V members. In the TEF-MtSSU tree, F. oxysporum f. sp. cubense VCGs 0122 and 01210 formed part of lineages IV and II, respectively, but grouped together in the IGS tree separate from isolates representing TEF-MtSSU-based lineages IV and II. In the IGS and MtR trees, the lineage VIII taxon, F. oxysporum f. sp. cubense VCG 01214, was nested in a clade of lineage VI isolates but displayed a sister group relationship with this lineage based on the TEF-MtSSU data.
The presence of a 148-or 156-bp indel at nucleotide position 901 relative to the R117 primer position in the IGS sequences separated the F. oxysporum f. sp. cubense isolates into three groups. One group of isolates representing F. oxysporum f. sp. cubense VCGs 0120, 0120/15, 01215, 0126, 01210, 01219, 0121, 01213, 01213/16, 01216, and 01218 lacked an insertion at this position and mostly corresponded to those included in clade A (Fig. 1) . Isolates representing F. oxysporum f. sp. cubense VCGs 0124, 0125, 0128, 01220, 01212, 0123, and 01214 harbored a 148-bp insertion at this position, while the third group of isolates harbored a 156-bp insertion and included isolates representing VCGs 01211, 0122, 0129, and 0129/11 and corresponded to those in clade B. The only exceptions are the clade B taxon, VCG 01218, which lacked an insertion, and the clade A VCGs 0122, 01211, 0129/11, and 0129, which contained the 156-bp insert.
The extended TEF-MtSSU data set that included the F. oxysporum f. sp. cubense sequences, as well as those for other F. oxysporum isolates determined in this study and those obtained from GenBank, separated the isolates into four well-supported clades (Fig. 3) . Two of these clades (A and B) correspond with those identified using the smaller TEF-MtSSU data set ( Fig. 1) and included a representative set of all of the F. oxysporum f. sp. cubense isolates examined here. We also included isolates from the phylogenetic analysis by O'Donnell et al. (59) , which allowed for a direct comparison between the two studies. Lineages C1, C2, C3, C4, and C5 identified in the previous study (59) IGS PCR-RFLP. Of the four regions sequenced, IGS was most useful for identifying the different TEF-MtSSU-based lineages of F. oxysporum f. sp. cubense, and we selected five restriction enzymes to apply for diagnostic purposes (Fig. 4) . Enzyme AvaI allowed separation of clades A and B (Fig. 4A) . Within clade B, BbvI separates lineage VII from lineages VI and VIII (Fig. 4B) . Among the clade A lineages, BceAI separates lineage V from lineages I, II, III, and IV (Fig. 4C) , while Csp6I separates lineages I and II and lineages III and IV (Fig.  4D) , and BsrDI separates lineages III and IV (Fig. 4E) Fig. 1 to  3 ). Both MAT amplicons were present within clades A and B, as well as within lineages II, IV, V, and VII.
No sexual fruiting structures were produced in any of the crosses between F. oxysporum f. sp. cubense isolates 8 weeks after incubation. Protoperithecium-like structures were, however, formed in some crossing combinations. These protoperithecial structures were dark purple to black and superficially resembled the perithecia (9) that were produced by crosses between the F. circinatum tester strains. Structures that were too small to be protoperithecia were also observed. Protoperithecia were abundantly produced when individuals from the 
DISCUSSION
This study considered the evolution of the causal agent of fusarium wilt of banana, F. oxysporum f. sp. cubense, and its various VCGs and races. Based on the DNA sequence information of two nuclear (TEF and IGS) and two mitochondrial (MtSSU and MtR) regions, we demonstrate that F. oxysporum f. sp. cubense's ability to cause disease on banana has emerged multiple times, independently in the F. oxysporum complex. Within the F. oxysporum phylogenetic framework, relationships between the VCGs and races of F. oxysporum f. sp. cubense are complex, which is consistent with pathogenicity to a specific banana cultivar being a polyphyletic trait. Also, as described more fully below, our data suggest that factors such as coevolution with the banana host, horizontal gene transfer events, and sexual reproduction may have played important roles in shaping the evolutionary history of the causal agent of fusarium wilt of banana.
Species concepts applicable to filamentous fungi (74) may be roughly divided into two broad categories: tree based, such as the phylogenetic species concept, and non-tree based, such as the biological and morphological species concepts (74) . Among the taxa under study, the morphological species concept has no utility because the F. oxysporum f. sp. cubense isolates examined could not be differentiated based on morphological characters. Likewise, the biological species concept is not applicable because no fertility was observed in any crosses between isolates of opposite mating type, and a teleomorph stage for F. oxysporum has never been reported (41) . On the other hand, a multigene phylogeny separated F. oxysporum f. sp. cubense isolates into eight distinct and mostly unrelated lineages ( Fig. 1 and 3) , which is consistent with results from previous studies (8, 37, 55, (59) (60) (61) . These findings suggest that various F. oxysporum f. sp. cubense and other F. oxysporum lineages probably constitute distinct species for which discriminatory morphological properties may never be identified. The taxonomy of this group therefore requires extensive reevaluation using DNA-based measures of relationships.
The separation of F. oxysporum f. sp. cubense VCGs into distinct phylogenetic lineages consisting of clusters of related VCGs (Fig. 1, 2, and 3) correlates well with earlier studies using DNA fingerprinting techniques such as RFLPs (38) , randomly amplified polymorphic DNAs and DNA amplification fingerprints (4-6), and amplified fragment length polymorphisms (22) . This is also true for previous DNA-based phylogenetic studies (59) . For all three of the F. oxysporum f. sp. cubense data sets (TEF-MtSSU, IGS, and MtR) used in the current study, isolates associated with the same VCG had identical sequences and clustered together irrespective of their geographic origin. All three of these data sets also consistently (Fig. 2) . These discrepancies may potentially be associated with the specific nature of the IGS region as a relatively quickly evolving region with the potential for more than one sequence to reside within a single genome (1) . This could preclude the inference of the true phylogenetic history from relationships based solely on IGS. A similar topological conflict between TEF and IGS was reported in a recent study of F. oxysporum isolates (58) . In some Fusarium species, the inference of the true phylogenetic relationships using nucleus-encoded rRNA regions may also be complicated by the presence of multiple nonorthologous copies (56) . Nevertheless, despite these potential limitations, the IGS region has proven to be an excellent marker for diagnoses of Fusarium spp. (31, 32, 73) , as was apparent from this study in which lineage-specific PCR-RFLP fingerprints could be developed for F. oxysporum f. sp. cubense (Fig. 4) . The IGS PCR-RFLP fingerprinting method developed in this study presents a quick, easy, and accurate method to identify the lineages of F. oxysporum f. sp. cubense. These fingerprints also allow separation of F. oxysporum f. sp. cubense from nonpathogenic isolates of F. oxysporum (47) . They could, therefore, be used for the early detection and characterization of F. oxysporum f. sp. cubense in infected planting material, whether symptomatic or not, in water, and in the soil. In laboratories without sequencing facilities and where VCG testers of F. oxysporum f. sp. cubense cannot be used because of national quarantine regulations, these fingerprints could be of great value in the characterization of the fusarium wilt pathogen of banana. It is, specifically, its ability to rapidly and accurately detect F. oxysporum f. sp. cubense "tropical" race 4 VCG 01213, 01216, and 01213/16 isolates from lineage V in new regions where this pathogen is introduced that could be invaluable in the isolation and management of this most devastating form of F. oxysporum f. sp. cubense.
Our results show that isolates representing F. oxysporum f. sp. cubense races 1 and 2 are scattered among the lineages in clades A and B, while isolates representing F. oxysporum f. sp. cubense race 4 are restricted to clade A (lineages IV and V), with the exception of VCG 01220 (clade B, lineage IV) from Australia, which caused disease in stressed Cavendish bananas ( Fig. 1 and 3) (63) . Our phylogeny therefore does not reflect the current race designation within F. oxysporum f. sp. cubense. Race designations in F. oxysporum f. sp. cubense and other F. oxysporum formae speciales are based on field evaluation and are generally known not to produce stable classifications (13, 15, 46) . The classification of F. oxysporum f. sp. cubense into races in the greenhouse is even more difficult, as virulence is influenced by variables such as temperature, host age, and method of inoculation (13) , and different pathogenicity tests used in different laboratories around the world could easily generate discordant results (15) . Once universally acceptable greenhouse inoculation techniques have been developed and new potentially differential banana cultivars have been selected for race designation in F. oxysporum f. sp. cubense, the lineages in this study could serve as candidates for developing a new race structure.
In general, the formae speciales of F. oxysporum are not monophyletic (3, 22, 38, 59, 61) (Fig. 3) . This is evident from phylogenetic trees where isolates representing different formae speciales grouped together, rather than with representatives from the same forma specialis. In our study, for example, F. oxysporum f. sp. cubense lineages I and II form part of clade A, where they are more closely related to F. oxysporum f. sp. canariense and F. oxysporum f. sp. perniciosum than to other isolates of F. oxysporum f. sp. cubense (Fig. 3) . Also, within clade B, lineage VIII forms part of a group containing formae speciales such as lini, dianthi, melonis, vasinfectum, and rhaphania. In contrast, isolates of formae speciales such as F. oxysporum f. sp. albedinis (80), F. oxysporum f. sp. ciceris (28), or F. oxyposrum f. sp. canariensis (70) always represent each others' closest relatives, thus representing some of the few known instances of monophyletic formae speciales. However, from a genetic point of view, the polyphyletic nature of formae speciales is not surprising. This informal taxonomic rank is based on pathogenicity toward a specific plant host (36) and is largely dependent on the products of the avirulence genes harbored by the fungus (51) . Recent studies have shown that these genes are generally subject to strong selection and horizontal gene transfer (83, 85, 89) . As a result, the grouping of isolates based solely on host pathogenicity would commonly hide genetic diversity and biological differences (36) and may also artificially cluster unrelated isolates together, as has been demonstrated here and elsewhere (3, 22, 38, 59, 61) . This highlights the importance of knowledge regarding pathogen diversity for development of reliable/durable plant resistance. The occurrence of both mating types in F. oxysporum f. sp. cubense is reported for the first time in this study. Our results therefore confirm that F. oxysporum f. sp. cubense would be heterothallic should sexual reproduction take place, as either MAT-1 or MAT-2 sequences (never both) were detected in each of the isolates examined. The fact that in some cases, both MAT-1 and MAT-2 individuals were detected in a single closely related group of isolates implies that different lineages of the fusarium wilt pathogen have sexual origins that could be more recent than initially anticipated. These results, therefore, support the hypothesis that all fungi were originally sexual (42, 43, 82) and that sexual recombination may be followed by phases of clonal propagation of opportunistic varieties (44) .
The results of all previous phylogenetic studies (22, 38, 59 ) demonstrate multiple origins for the evolution of F. oxysporum f. sp. cubense as a pathogen of bananas. However, the results presented here suggest that coevolution with the plant host in its center of origin in Wallace's Indo-Malayan region in Southeast Asia (69) has played an important role during this process. For example, the majority of F. oxysporum f. sp. cubense isolates in clade B originate from banana cultivars that represent Musa balbisiana ϫ Musa acuminata hybrids with at least one chromosome derived from M. balbisiana (e.g., Lady finger and Bluggoe), while those in clade A mostly originate from banana cultivars with pure "A" genomes (i.e., all chromosomes derived from M. acuminata; e.g., Cavendish and Gros Michel) (7) . It is therefore possible that F. oxysporum f. sp. cubense lineages I to V derived their ability to cause disease on banana, specifically on M. acuminata, from the ancestor of clade A. The ancestor of clade B, on the other hand, appears to have potentially imparted to its descendants the ability to cause disease to banana cultivars of pure and hybrid background, as well as to plants in the related genus Ensete. This is because one member of clade B lineage VIII (VCG 01214) has the capacity to cause disease not only to enset, but also banana cultivars with pure A and mixed A-B genomes (Fig. 1) .
In addition to coevolution with the banana host in its center of origin, the evolution of F. oxysporum f. sp. cubense might also have been influenced by other factors. Although F. oxysporum is considered to be strictly mitotic (20, 82) , previous research has suggested that genetic exchange among and within individual lineages might occur more frequently than originally thought (82) . This possibility is further emphasized by the results of the current study showing that one of the mitochondrial and nuclear regions examined (MtR and IGS, respectively) supported phylogenies that were highly incongruent with the F. oxysporum f. sp. cubense TEF-MtSSU tree. Therefore, the fact that some F. oxysporum f. sp. cubense VCGs cluster together in the IGS tree and separate in the TEFMtSSU tree potentially reflects ancient recombination or genetic exchange beween F. oxysporum f. sp. cubense lineages. Such genetic exchange or recombination could be due to parasexuality, a nonsexual mode of genetic exchange, or heterokaryosis, a process that is initiated by fusion of vegetative hyphae (anastomosis) between individuals with very similar genomes and that has been shown to occur in F. oxysporum (11, 39) . Taylor et al. (82) also demonstrated the possibility of recombination within some of the F. oxysporum f. sp. cubense clonal lineages. In their study, they reanalyzed previous RFLP data (38) and showed that recombination within some of the clonal lineages may exist. They also concluded that the lack of association between DNA amplification fragment-based DNA fingerprint groups (6) and VCGs is further evidence for recombination. The findings presented in the current study also support this notion as both mating types were detected in some F. oxysporum f. sp. cubense lineages, and crosses between many pairs of isolates of the opposite mating type resulted in the production of structures resembling immature perithecia.
Inclusion of isolates representing formae speciales other than F. oxysporum f. sp. cubense, nonpathogenic F. oxysporum isolates, and F. oxysporum isolates from human tissue in our phylogenetic analyses illustrates the great diversity that exists within the F. oxysporum complex. In this study, a single isolate from Vietnam (CAV 1020) that was confirmed as pathogenic to banana and shown to be associated with a novel VCG of F. oxysporum f. sp. cubense (Fig. 4) (6) grouped separately from all other F. oxysporum f. sp. cubense isolates (Fig. 3.) . This result suggests that many distinct lineages of F. oxysporum f. sp. cubense may remain to be discovered and that additional surveys and research are needed for the full appreciation of the evolution of this pathogen. It also demonstrates that focusing on a single agricultural crop may lead to an overestimation of the clonality (45) . Therefore, in order to pinpoint potential species boundaries within F. oxysporum and to elucidate the true relationships among the VCGs and lineages of F. oxysporum f. sp. cubense, the diversity of the F. oxysporum complex needs to be fully characterized.
